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Summary. The inhibition of  C a 2*-ATPase.  (Na* + K~)-ATPase 
and N a * / C a 2* exchange  by C d 2* was studied in fish intestinal 
basolateral  p lasma m em brane  preparat ions.  ATP driven 4SC a2* 
uptake into inside-out m em brane  vesicles displayed a Km for C a : * 
o f  88 ± 17 i im. and was ex tremely  sensit ive to C d 2* with an IC<0 
of 8.2 ± 3.0 pvt C d 2*. indicating an inhibition via the C a 2* site. 
(Na* + K*)-A TPase  activity was half-maximally inhibited by 
micromolar  am oun ts  o f  C d 2* , displaying an IC5(, o f  2.6 ± 0.6 /um 
C d 2* . C d 2* ions apparent ly  com pete  for the Mg2* site o f  the (Na* 
+ K ' )-ATPase. The  N a ~ / C a 2* exchanger  was inhibited by C d 2* 
with an lC \„ o f7 3  ± 11 n \ i .  C d 2* is a competi t ive  inhibitor o f  the 
exchanger  via an interaction with the C a 2* site (K, = II n.\i). 
Bepridil, a N a '  site specific inhibitor o f  N a * / C a 2* exchange,  
induced an additional inhibition, but did not change the k,  of  
C d 2*. Also, C d 2* is exchanged against C a2*, albeit to a lesser 
extent  than C a 2* . The exchanger  is only partly blocked by the 
binding o f  C d 2* . In vivo cadmium that has entered the enterocyte  
may be shuttled across  the basolateral  plasma membrane  by the 
Na + / C a 2* exchanger .  We conclude  that intracellular C d 2* ions 
will inhibit plasma m em brane  proteins predominantly  via a spe­
cific interaction with divalent metal ion sites.
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Introduction
Living cells need to ex t rude  calc ium cont inuously:  
the large inward  e lec t rochemica l  gradient  for  cal­
c ium resul ts  in “ l e ak ag e"  o f  this ion into the cell 
and ,  as high C a 2 + levels are toxic,  it has to be el imi­
nated in o rd e r  for  the cell to funct ion proper ly .  The  
in tracel lu lar  C a : * concen t ra t ion  plays a key role in 
the regulat ion o f  m any  cel lular  p rocesses ,  act ing as 
an in tracel lular  second  messenger .  Cellular  calcium 
hom eos ta s i s  is often sa feguarded  by the ATP-depen-  
dent  C a : ’ pum p,  a high affinity C a 2~-ATPase  [27]. 
This  e n z y m e  belongs  to the family o f  E , - E : type ion 
pum ps  [23], o f  which the ubiqui tous  s o d iu m /p o ­
ta s s iu m -d ep en d en t  A T P a s e  ((Na* + K )-ATPase)  
is the most  widely s tudied m e m b er .  ( N a ’ + K ‘ )- 
A T P ase  is cons ide red  a pivotal  t r an spo r t  A T P a s e  for 
cel lular  ion hom eos tas i s .  It uses  in t race l lu lar  A T P  
to ex t rude  Na* ions,  and to impor t  K ions into 
the cell. T he reby  it main ta ins  the e lec t rochem ica l  
grad ien ts  for  N a ’ and K , which in turn  are used 
by o the r  m e m b ra n e  pro te ins  that  are  essent ia l  for  
vital p roces se s  as cell vo lume regulat ion,  ion e x t r u ­
sion and nutr ient  up take  [35]. We have  d e m o n s t r a t e d  
both these  p lasma m e m b r a n e  ion p u m p s  in the in tes ­
tine o f  the teleost  Oreochromis mosscimbicus 
(tilapia) [ 13].
In this f r e sh w a te r  fish intestinal  ca lc ium up take  
not only d e p e n d s  on the act ion o f  the A T P -depen -  
dent  C a 2' pum p ,  but also on sod ium /ca lc ium  e x ­
change  act ivi ty ,  which is a b u n d an t ly  p resen t  in the 
basolateral  m e m b ra n e .  N a * / C a 2 * e x c h an g e  m ay  
well be the dom inan t  C a 2~ ex t rus ion  m e c h an i s m ,  
in con t ra s t  to higher ve r t eb ra te s  where  the ATP-  
d ep en d en t  C a 2 ' pum p is most  im por tan t  [21]. 
Sod ium /ca lc ium  exchange  requi res  the ac t ion  o f  
(Na ' + K + ) -ATPase  for the c rea t ion  o f  the e l e c t ro ­
chemical  gradient  for  N a " , which is its main driving 
force.  The  app a ren t  m ax im u m  e x c h an g e  veloci ty  is 
16 t imes higher  than that repor ted  for a c o m p a ra b le  
m e m b ra n e  p repara t ion  f rom rat small  intest ine  [13, 
17]. The  m ax im u m  veloci ty o f  the fish N a  V C a 2 + 
e x c h a n g e r  exc eed ed  that  o f  the fish A T P -dependen t  
C a 2‘ p u m p  34 t imes.  Also,  net intest inal  ca lc ium 
up take  was  d ep en d en t  on the ex i s tence  o f  a N a  + 
gradient  ac ross  the basola tera l  cell m e m b ra n e .  
These  da ta  indicate the invo lvem en t  o f  N a  + / C a 2 + 
exchange  in cell C a 2+ hom eo s ta s i s  as well as t rans-  
cel lular  C a 2+ t ranspor t  in t i lapia intest inal  e p i th e ­
lium [13]. With its a r ray  o f  C a 2~ t r anspo r t  m e c h a ­
nisms in the basola tera l  m e m b r a n e  the fish intest ine
162 I . S c h o e n m a k c r s  el al.: C d *  Inhibi t ion o f  M e m b r a n e  Prote ins
may provide  a sui table model  for analyzing toxico- 
logical effects  of  C d : ~ on ion t ranspor t  mechan isms .
In f r e shw a te r  tilapia the major  part  o f  C a 2 ’ up ­
take takes  place via the gills 1151. U p take  of  calcium 
via the gast ro intes t ina l  tract  may present  a signifi­
cant  route  o f  ca lc ium influx, viz. in w a te r  conta ining 
low levels o f  calc ium (“ soft w a t e r " )  or  when the 
fish are in need o f  ex t ra  calc ium,  e.g. during sexual 
matura t ion  (3. 13 1. Branchial  C a : up take  is readily 
inhibited by su b m ic ro m o la r  am oun t s  of  wa te rborne  
C d 2* [30. 46, 4 8 1. C adm ium  from the wa te r  as well 
as from the food accum ula te s  in the izastrointestinal
tract  [9, 10]. The  lat ter  pa thway  appears  to be most 
impor tan t  for up take  of  cadm ium  [7|. In tilapia 
adap ted  to soft w a te r  d ie tary  cadm ium  is known to 
cause  hypoca lcemia  |29| .  H o w ev e r ,  the mechan isms  
w hereby  cadm ium  interferes  with calcium uptake  in 
fish intest ine have not yet been studied.
For  tilapia g i l l s  it has been shown that C d 2 is 
able to pass  the apical m em b ran e  of  the calcium- 
t ranspor t ing  epithelial  cell via the same route as 
C a 2 14 8 1. The  inhibition o f  t ranscel lular  calcium 
t ranspor t  takes  place at the basolateral ly located 
C a 2~ pum ps  |46| .  In analogy then,  ou r  unders tanding  
o f  the in terac t ions  o f  C d 2* with the cytoplasmic  
subs t ra te  and cat ion sites of  proteins  in the basolat-  
eral p lasma m em b ran e  will be o f  pr imary importance  
to eva lua te  the m echan ism  of  inhibition of  intestinal 
C a 2 ’ up take  by C d 2’ . The  basolateral  m em brane  
prote ins  involved in C a 2 t ranspor t  are the N a ’ 
C a 2* exchanger ,  which is dependen t  on the correct  
opera t ion  o f  the (Na  + K )-ATPase,  and the C a 2 - 
ATPase .  We repor t  here on the effects  of  C d 2" on 
these three  m echan ism s ,  which appea r  to result from 
an interact ion with divalent  metal  cat ion sites of  the 
proteins .  The  N a ' / C a 2~ exchange r  appeared  to be 
able to shutt le  C d 2* into the blood.
M aterials and M ethods
Male tilapia. Orcochronus mossamhicus. weighing around 250 g 
were obtained from the electricit\  plant Bergheim/Niederhausen 
(Germany).  The iish were kept in 100 liter aquaria supplied with 
running tap water  (0.7 h im  Ca. 25 C) under a photoperiod of 12 
hr of  light alternating with 12 hr of  darkness ,  during at least one 
month before experimentat ion.  Cadmium was not delectable in 
tap water  (detection limit I n.M). Animals were fed Tmuvit"  fish 
pellets (Trou w & Co..  Put t e n , The Netherlands).  4 to 5r/r body 
weight per day. Trace amounts  of  cadmium in the food result in 
a total cadmium content of  mucosal tissue of  6.0 ± 2.4 nmol -g 1 
dry weight l/i = 6 ). The possible consequences  of this amount 
will be discussed below.
Fish were killed by spinal transection.  The peritoneal cavity 
was opened and the intestinal tract removed.  The intestine was 
rapidly flushed with ice-cold saline and processed as described 
below. Enterocyte  basolateral  plasma membrane vesicles were 
prepared as described in detail recently 113).
Briefly, the intestine was cut lengthwise and intestinal m u ­
cosa was collected b\ scraping off the epithelium onto  an ice- 
cooled g l a s s  plate. I lie cells were homogenized  in an isotonic 
sucrose buffer, and nuclei and cellular debris  were pelleted by 
centrifugation at 1.400 x lor 10 min. The  superna tan t  (con­
taining 75rf o f t h c ( N a '  + K * )-A IPase  activity of  the homoge- 
nate) was collected and centrifuged for 25 min at 150.000 x 
The resulting pellet consists  of  tu o parts: a firm brow n part w hieh 
contains mostly mitochondrial  m em branes ,  and a w hite and fluffs 
part on top w hich c o n s i s t s  of p l a s m a  m em branes .  I he fluffy 
layer was resuspended in a 250 mmol • liter sucrose  buffer  and 
s u b s e q u e n t l y  brought to 37 ' 7  (w! wt) sucrose  by addition o f  1.25 
volumes of a 60' '< ( \\ t wt) sucrose solution. On top of  8 ml of  this 
suspension 4 ml of sucrose buffer was layered,  and the assembly  
was centrifuged isop\cnicalK for 90 min at 200.000 x •> iK. Using 
a s\ rinse fined with a 23-sause needle the m em branes  at the 
interface were collected and mixed with 30 volumes o f  the final 
isotonic assav buffer (150 m\t  KCI. 0.8 niM MgCU and 20 m.\t 
H E P E S  Iris. pH 7.4). After centrifugation at 180.000 x i/iv for 
35 min. the pellet \\;is rinsed twice with assay buffer and resus­
pended by 25 passages through a 23-G needle.  This final fraction 
contained I8'7 of  the (Na* + K )-ATPase activity present  in the 
homocenate .
The configuration of  the tilapia en te rocy te  plasma m em brane  
vesicle preparation is 29'7 IOV. 24'V KOV and 47' r leaky frag­
ments 1 1 3|. Protein content  of  m em brane  or  enzym e  prepara t ions  
was est imated with a commercial  reagent kit (Bio-Rad), using 
bovine serum albumin (BSA) as a reference.  Protein recovery 
with respect to the homogenale  was 1.6 ± 0 .5r/r. T he membrane 
preparation was enriched 7 . 1 t imes in (Na* + K * )-ATPase act iv­
ity with respect to the homogenate .  Contaminat ion  with mito­
chondrial  and apical membrane  fragments  was minimal, as indi­
cated by the purification factors of  1 . 1  and 1.2 for succinate 
dehydrogenase  and alkaline phosphatase ,  respectively.
B u f f e r i n g  o f  C a 2 ' .  Mg2 ' 
a n d  C d 2 " C o n c e n t r a t i o n s
All assay media contained (in h i m ) :  0.5 [ethylenebis(oxyethyl- 
enenitr i lo) | le iraacetic  acid (EGTA),  0.5 N-(2-hydroxyethyl)-  
e thy lened iam ine-N .N ' .N ' - t r iace t ic  acid (H E E D T A ) ,  and 0.5 ni*
*
trilotriacetic acid (NTA).  Free calcium, magnesium and cadmium 
levels were calculated as outlined below. All incubations were 
performed at 37 C.
We have written a com pute r  program (implemented in Turbo  
Pascal 5.5* for IBM PC and compatibles :  available upon request)  
that incorporates multiple melal-chelator  equilibria to calculate 
free metal ion concentra t ions  when using metal-chelating sub ­
stances.  The program also corrects  for several exper imenta l  c o n ­
ditions. known to affect the apparent  stability cons tan ts  used in 
the calculations.  Tsien and Rink [431 noted that tex tbook  stability 
constants  for H are based on |H * ]‘s. At nonzero  ionic strength 
[H | is not equal to 11' activity,  o f  which pH is the negative 
logarithm. Unfamiliarity w ith this fact has lead to important  errors  
in free metal calculation routines. Several au thors  have continued 
to overlook this point. Users  of  the algorithm of  Fabiato  and 
Fabiato 112J should use the correct ion published by Fabia to  11 11. 
Also, the method of van Heeswijk.  Geer tsen  and van Os [2 1 J, 
which we used previously,  does not contain this correc t ion .  F u r ­
thermore.  textbook stability constan ts  are obtained at s tandard 
experimental  condit ions,  viz. ionic strength and tempera ture ,  
which are different from those used in most biolosical in vitro
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I a b le  1 . Apparent  stability constan ts  of  combinat ions  of  metals 
and chelators  correc ted  for use at 37 C and 160 m\i  total ionic 
equivalents
Metals Chelators
ATP EG I A H E D T A NT A
H* K l:  6.40 Kl: 9.22 K l : 9.40 Kl: 9.50
K2: 3.81 K2: 8.65 K2: 5.16 K2: 2.42
K3: 2.58
r' ■* •C a- Kl:  3.70 Kl: 10.34 Kl: 8.09 Kl: 6.33
K2: 1.95 K2: 5.10 K2: 1.23
Mg2* Kl:  4.02 Kl: 5.10 Kl: 5.69 Kl: 5.15
K2: 2.08 K2: 3.14 K2: 1.27
C d 2* Kl:  5.38 Kl: 15.79 Kl: 13.09 Kl: 9.43
K2: 1.67 K2: 10.38 K2: 2.29 K4: - 1 1.92
K l .  K2 and K3 represent  stability constan ts  for the binding of 
the metal to the unpro tona ted .  mono- and diprotonated chelator ,  
respectively.  K4 is a stability constant  for the reaction MC •
1 1 , 0  — MC • OH + H (MC stands for a metal-chelator  complex:  
electrical charges omit ted for clarity).
systems.  They  therefore have to be correc ted  for these differ­
ences.
We conver ted  H* activity to | H * ] in all our  calculations 
by the use o f  a semi-empirical form of  the Giiggenheim-Davies 
extension o f  the Debve-Hiickel  limiting law [20]. This was also 
used to correc t  the stability cons tan ts  K for the effects o f  ionic 
strength:
log K' = log K + F - ( l o g  /’ -  log / ' ) ) . (1)
where  K' is the constan t  after and K the constant  before co r rec ­
tion. / ’ the activity coefficient of  ion /' at the tabulated ionic 
strength and ƒ '  that for the desired condit ions.  F  is a factor 
dependent  on the electrical charges of  the cationic and anionic 
species relevant to a specific stability constant  and is calculated 
according to different formulae,  depending on which stability 
constant  is being correc ted  for effects of  ionic strength.  The 
activity coefficient J] is calculated by:
log./; = (1.8246 x l06/ ( e 7 ) 15) x ( \  / / ( I  + \  / )  -  0.25 x /)
( 2 )
where f. is the relative dielectric constan t  of  water  (we corrected 
ihis constan t  for the tem pera tu re  used), ' / ' the absolute tem pera ­
ture and / the ionic strength in ionic equivalents  120].
The effect o f  tem pera tu re  is calculated by using V a n i  H o f f ’s 
Isochore  1201:
log K' = log K -  ( A H /(In( 10 ) •/?)•(  ÍT ~ 1 -  7 " 1))-1 (3)
where R is the universal gas constant  (8.314 x 10 ' kJ • m o l -1 • 
K " 1) and AH is expressed  in k J m o l -1. Van ' t  H off ' s  Isochore 
was also used to correc t  (water  cons tan t :  used in some equilib­
ria) for tempera ture  effects.
The contr ibut ions  o f  all charged species of  metal ions, chela­
tors. com plexes  and pH buffers to ionic strength were included 
in the calculation.  The p K (, of  the pH buffers was adjusted for 
effects of  ionic strength.  Table  1 lists the correc ted  stability co n ­
stants used in our  calculat ions.  Calculated C a2* concentra t ions
were coun te rchecked  using a C a 2*-selective e lec t rode  (above I 
/i.\t C'a2* ) or  lura-2 fluorescence (below I /iw  C a 2* ) and found to 
be correct  [see Note  Added in Proof) .
C’a2+ -A T  Pa s  E
C a 2*-ATPase activity is not necessarily related to a functional
*  *
C a2*-extrusion mechanism |4. 2 6 1. The vectorial  activily o f  the 
plasma mem brane  C a 2* pump is. in our  view, more accura te ly  
represented by the m easurem ent  o f  ATP-dependen t  uptake  of 
J'Ca into inside-out plasma m em brane  vesicles.  We used this 
radiochemical m easurement  o f  4"Ca uptake ,  since it offers the 
most sensit ive assav for C a 2*-ATPase  activity functionally re- 
lated to C a2* extrusion.
Ideally, to obtain a precise es t imate  o f  the K for C d 2* and 
given that C d 2* com petes  with C a 2* for the calcium site o f  the 
pump 146. 47. 49]. the dose-dependen t  inhibition o f  the pump by 
C d 2* should be established at a |C a 2* | near  the p u m p 's  K,n [39]. 
We used a [Ca2*] o f  almost twice that value (200 n.M) to ensure  
an accurate  creat ion of  calculated free C d 2* concen tra t ions :  at 
lower [Ca2* ]*s C d 2* disturbs (he calcium-chelat ing act ion o f  the 
ligand system to such a degree that the buffering action o f  the 
ligands for calcium becomes  unacceptably  small.
The ATP-driven transport  of  ’'C'a was assayed  using a rapid 
filtration technique [21]. Uptakes  o f  ;'Ca into m em brane  vesicles 
during l-min incubations (represent ing initial velocities o f  the 
pump) in the presence of 3 m.\i ATP and 0.8 m\i  Mg2* were 
measured and correc ted  for uptake in the absence  of  ATP. The 
reaction was quenched  by a 14-fold dilution in ice-cold isotonic 
medium containing 0 . 1 m\i  LaCh.  and the suspension  w as filtered 
(Schleicher  & Sch¿ill ME25. pore size 0.45 /urn). Fillers were 
rinsed twice with 2 ml o f  ice-cold medium and transferred to 
counting vials. Four  ml Aqualuma- was added per vial, filters 
were allow ed to dissolve (30 min at room tem pera ture)  and radio­
activity was determined in a Pharmacia  Wallac 1410 liquid scintil­
lation counter .
( N a + +  K ‘ ) -AT P ase
(Na~ + K * )-ATPase activity in fish intestinal basolateral  plasma 
membrane  vesicles was de termined  as descr ibed  earlier  115]. In 
short ,  vesicles ( 10/^g m em brane  protein) were diluted 50-fold into 
500 fi\ medium, containing 100 m.\i NaCI. 30 him imidazole,  and 
ei ther  15 rn.\t KCI or  I m\t  ouabain ,  all adjusted to pH 7.4 with 
H E P E S .  In addition, the media conta ined the cation buffer su b ­
stances.  magnesium, cadmium and N a :ATP to realize the ca lcu ­
lated am oun ts  o f  free Mg2* . C d 2* and ATP. (Na* + K * )-ATPase 
activity was defined as the Na*-  and K ‘ -dependen t ,  ouabain-  
sensitive phosphatase  activity.  The assay  period was 5 min at 
37°C. Inorganic phosphate  produced was m easured  by the color i ­
metric F iske-Subbarow technique using a commercia l ly  available 
combined ca lc ium /phosphorus  s tandard  (Sigma cat.  nr. 360-11)
[15].
Saponin was added to maximize the accessibil i ty o f  the 
initially resealed mem brane  vesicles for the reactants .  The 
(Na* + K ’ )-ATPase activity of  the m em brane  prepara t ion  was 
maximally stimulated by 759£ by the addition o f  0.4 mg saponin 
per mg mem brane  protein,  at a protein concen tra t ion  o f  0 . 5 - 1 .0 
mg membrane  protein per ml.
(Na* + K*)-ATPase  purified from dog kidney (Sigma cat. 
nr. A-0142: ouabain-sensit ive activity 66 fj.mol P, • h r -1  • mg p ro ­
t e i n " 1) was suspended  in medium containing 250 m.vt sucrose  and
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60 m M  imidazole ,  ad jus ted  to pH 7.4 with H E P E S .  T he  final 
prote in  c o n ce n t r a t i o n  was  42 mg m l " 1. (Na  + + K * ) -A T P a s e  
act ivi ty o f  this p repara t ion  was  de te rm ined  using 5 ¡jl\ o f  p r e p a r a ­
tion on 500 /j l \ as say  med ium.
Na + /Ca2 + E x c h a n g e
Na~/C 'a : ' e x c h a n g e  act iv i ty  in p lasma  m e m b r a n e  vesicles was 
a s sayed  as de sc r ib e d  ear l ie r  [ 13]. Briefly, 5 fj.I m e m b r a n e  vesicles 
equi l ib ra ted  with 150 m M  NaCl  were  added  to 120 ¿¿I o f  45Ca- 
conta in ing  media  with e i ther  150 m M  NaCl (blank) o r  150 m M  KCI 
as main salt cons t i tuen t s .  T he  media  also con ta ined  O.cS m M  free 
Mg: ~, mimicking  int racel lular  condi t ions .  Ear l ier  expe r imen ts  
had sh o w n  that  addi t ion o f  va l inomycin  did not fur ther  increase  
e x ch a n g e  veloci t ies  in media  conta in ing  equal  a m o u n t s  of  intra- 
and ex t r av es i c u la r  K~.  indicat ing that  no bui ld-up of  m e m b ra n e  
potent ia l  o c c u r r e d  dur ing the a s say  per iod.  We therefore  did not 
use va l inomycin  in the present  s tudies  on N a * / C a : ~ exchange .  
Af ter  5 sec at 37°C (this r ep re sen t s  initial veloci t ies) ,  the react ion 
was  s topped  by addi t ion  o f  I ml ice-cold isotonic s topping solut ion 
conta in ing  I m M  LaClj .  A l-ml sample  was  filtered (Schle icher  & 
Sehull  0.45 ptm). and  the filter was  r insed three  t imes with 2 ml 
s topping  solut ion.  The  di f ference in 4' C a : ~ accum ula ted  was  
taken to rep resen t  Na~-grad ien t  dr iven C a : * t ranspor t .
C a 2 + / C a 2 ' E x c h a n g e
Ca**7Ca** e x ch an g e  was  tes ted accord ing  to Phil ipson and Nishi- 
mo to  [2S| with minor  modif icat ions.  Briefly. 5 fi\ m e m b r a n e  vesi ­
cles equi l ibrated  with 150 m M  NaCl were  added  to 70 yul medium 
with 150 m M  KCI and 25 /x.m 4>Ca.  No  calc ium-chela t ing s u b ­
s tances  were  used in these  assays .  T he  vesicle Na~ gradient  will 
have  d iss ipa ted  3 min a f ter  the pr imary  di lut ion (sec also Fig. 2 
in ref. 13: Na*-grad ien t  dr iven C a ; * up take  reaches  a m ax im um  
at t =  2 min).  T hen ,  the vesicle suspens ion  was  di luted 14-fold 
by addi t ion o f  975 n I 150 m.\i KCI med ium conta in ing  e i ther  no 
calc ium and c ad m iu m ,  o r  25 ¡am ca lc ium,  o r  25 fj.m  cadm ium .  
KCI-equi l ibra ted vesicles  were  used as b lanks  to cor rec t  for JSCa 
bound  to the ex te r io r  o f  vesicles .  Efflux of  4sCa was  s topped  by 
filtration immedia te ly  fol lowed by a threefold  wash  with ice-cold 
150 m M  KCI medium conta in ing  1 m M  LaCI, .
mm) each ,  and put in an incuba t ion  c h a m b e r  at 28°C that  was 
flushed with humidif ied gas (5rt  C O : and  959? ( ) : ). Af te r  60 min.  
the cells a t t a che d  to the c o v e r  slips were  w a s h e d  twice  with I 
ml medium.  Final ly.  0.5 ml m e d iu m ,  con ta in ing  5 /j l m fura-2- 
a c e to x y m e th y l  e s t e r  ( F u r a - 2 / A M :  M olec u la r  P robe s ,  Junc t ion  
Ci ty,  OR),  was  added .  Cells  w ere  incuba ted  for  30 min.  T h e  c o v e r  
slips were  su bseque n t ly  w a s h e d  twice with I ml m e d iu m  wi thout  
fu ra-2 /AM and used in the e x p e r im e n t s  desc r ibed  below.
I n t r a c e l l u l a r  F r e e  C a : * M e a s u r e m e n t s
Fura-2 f luorescence  was  d e t e rm in e d  using a T r a c o r  F luo rop lex  
III sys tem  (TN 6500 Rapid Scan  S p e c t r o m e t e r :  T N  6075 Photon  
C oun te r :  IBM A T-compa t ib le  c o m p u te r )  co u p led  to a N ik o n  Dia- 
phot  m ic roscope  equ ipped  with UV-op t i c s .  T h e  exc i t a t ion  w a v e ­
length was  a l te rna ted  eve ry  200 m sec  b e t w e e n  340 and 380 nm. 
Emit ted f luorescence  was  filtered th rough a ba r r i e r  filler ( BA520) 
and m e asu red  through the front por t  o f  the m i c r o s c o p e  using a 
photomul t ip l ie r  tube ( F P  1400 Photon  C o u n t in g  De tec to r ) .  In t r a ­
cel lular  free C a : * c o n c e n t r a t io n s  were  ca lcu la ted  a c c o rd in g  to 
Grynk iewicz .  Poenie  and Tsien | IK], using a Ktj o f  162 n.M [24|. 
Since the K (l for Mg: * is 9.8 m M  118] and in t race l lu la r  M g ; ~ levels 
are  u n k n o w n  (but p red ic ted  to be a ro u n d  1 m M ) ,  no co r rec t ion  
for compet i t ive  binding o f  M g 2* to fura-2 was  appl ied .
Cal ibrat ion o f  fura-2 was  pe r fo rm ed  inside the cells on which 
an exper iment  had been  pe r fo rmed ,  l o n o m y c i n  was  ad d ed  to the 
obse rva t ion  c h a m b e r  (final conce n t r a t io n :  10 juM) to ob ta in  influx 
o f  calc ium and to a ssess  the m a x im u m  f luorescence  rat io ( f lmax)- 
Nex t ,  E G T A  (final concen t ra t ion :  1.25 m.vt) was  a d d e d  to d e t e r ­
mine the min imum f luorescence  rat io (/?mm). Typica l  va lues  were
0.5 for /?min, 0.7 for and 9 for
C a l c u l a t i o n s  a n d  S t a t i s t i c s
Kinetic pa ram e te r s  and their  s t a nda rd  dev ia t ions  were  de r ived  
by nonl inear  regress ion analys is  o f  the da ta .  Stat is t ical  signifi­
cance  o f  d i f ferences  be tw een  mean  values  w as  tes ted  us ing the 
Mann-Whi tney  U-test.
Results
I s o l a t i o n  o f  F i s h  E n t e r o c y t e s  a n d  L o a d i n g  
w i t h  F u r a -2
After  having ob ta ined  the intest ine as desc r ibed  above ,  the intest i ­
nal mucosa l  cells were  s c raped  off  the s u b m u c o s a  on to  an ice- 
cooled  glass plate using a glass slide. Cells  were  r e suspended  in 
10 ml basic salt solut ion ( ingredients  (in m M ) :  NaCl 140, KCI 5, 
C aC L  I, MgCU I, g lucose  1 0 . and H E P E S  10 . adjus ted  to pH
7.2 with K O H )  supp lem e n ted  with 0.1 mg m l -1 bovine se rum 
a lbumin  (Sigma,  grade  V) and 50 ¿¿g ■ m l " 1 D N A s e .  This  s u s p e n ­
sion was  kept  at 0°C for  30 min,  filtered through cheese  cloth and 
cent r i fuged  to col lect  the cells (5 min.  100 x g av). T he  cell pellet 
was  r e s u s p e n d e d  in 4 ml b ica rbona te -R inger  conta in ing  NaCl 140 
m M ,  KCI 2.4 m M ,  C a C l : 1.2 m M ,  M g S 0 4 1.4 m M ,  K H : P 0 4 1.3 
m M ,  N a H C O j  25 m M ,  glucose  500 mg/l i ter ,  g lutamine  290 mg/  
liter, and E a g l e ’s Minimal  Essent ia l  Medium amino  acids  (50 x ) 
20 ml/ l i ter .  T he  cell suspens ion  was  dis t r ibuted in a l iquots  o f  0.4 
ml o v e r  plast ic petri  d i shes  conta in ing  one  round  cove r  slip (</> 25
C a 2 + - A T P A S E
Figure I shows the C a 2 * d e p e n d e n c y  o f  A T P -d r iven  
45Ca uptake  into inside-out baso la te ra l  p la sm a  m e m ­
brane vesicles.  The  ca lcu la ted  K ltl is 88 ±  17 nM C a 2~ 
and the V/max is 0.81 ± 0.05 nmol C a 2+ • m i n -1 • mg 1 
protein.
Figure 2 show s the d o s e -d e p e n d e n t  inhibition 
ot the C a 2“ -pump by C d 2 ‘ . N o n - l inea r  regress ion  
analysis  yielded a half-maximal inhibit ion co ns tan t  
ot 8.2 ±  3.0 pM C d 2 ' ( [Ca2’ J =  200 nM ) .  We were  
unable  to eva luate  the kinetics of  the inhibition by 
C d 2" , as a result o f  the low maximal velocity o f  the 
pump.  Assum ing  that C d 2+ c o m p e te s  with C a 2 + for 
the C a 2 * binding site o f  the pum p ,  as show n for 
o the r  p repara t ions  before [46, 47, 49], the K t (K, =
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Fig. 1. Double  rec iprocal  plot o f  the C a 2~ d e p e n d e n c y  o f  the 
A T P - d e p e n d e n t  C a - p u m p  in baso la tera l  p la sma  m e m b r a n e  vesi­
cles  f rom fish intest ine .  Mean  values  ( ±  s f .m )  of  five expe r im en t s  
are  given.  Initial ra tes  o f  A T P - d e p e n d e n t  C a 2" up take  were  c o r ­
rec ted  for A T P - in d e p e n d e n t  up take .  T h e  ca lcu la ted  Km is 88 ± 
17 n.M, while the c o m p u t e d  Vnuy is 0 . 8 1 ± 0.05 nmol • min~ '  • m g " 1.
Of)
0 10 -12 10 -II 10 10 10
C’d 2+] ( m o l  I ' 1)
Fig. 2. C d 2’ inhibit ion o f  the A T P - d e p e n d e n t  Ca pump in baso la t ­
eral p lasma  m e m b r a n e  vesicles  f rom fish intest ine.  Mean  values 
( ±  s e m )  of  nine e x p e r i m e n t s  are  given.  The  free [Ca2*] was  kept  
co n s t a n t  at  200 n \ i .  Initial ra tes  o f  A T P - d e p e n d e n t  C a 2" up take  
were  c o r r e c t ed  for A T P - in d e p e n d e n t  up take .  Aste r i sks  indicate 
va lues  significantly di f ferent  f rom the cont rol  value ( P <  0 . 0 0 1). 
T he  ca lcu la ted  IC5() is 8.2 ±  3.0 pM C d 2*.
IC ,0 • ( K J ( K m + 5))) for cadmium-inh ib i t ion  o f  the 
A T P -d e p e n d e n t  C a 2 + t r a n s p o r te r  in basolateral  
p lasm a  m e m b ra n e s  o f  fish e n te ro c y te s  is ap p ro x i ­
mately  3.0 pM.
( N a + 4- K + ) - A T P a s e
C a d m iu m  inhibits the ( N a + + K + )-ATPase  activity 
in the baso la te ra l  p lasm a m e m b ra n e s  isolated from 
fish intestinal  ep i the l ium half-maximally at a concen-
[C d 2+] ( m o l . I"1)
F i g .3. C d 2" inhibit ion o f  (Na*  + K ~ ) -ATPase  f rom fish intes t ine  
and dog kidney.  Mean values  ( ±  s e m )  are  given.  Filled c i rc les  
and solid lines indicate  the fish intest inal  p re p a ra t io n  (// =  6 ), 
while filled sq u a re s  and d a sh e d  lines r ep re sen t  the dog  k idney  
p repara t ion  (// =  5). T h e  fish intest inal  (Na~ + K * ) -ATPase  
d isplayed an act ivi ty  o f  214 ± 27 /¿mol P¡ h r -I mg p r o t e i n " 1, 
and the dog  k idney  (Na~ + K " ) - A T P a s e  p r o d u c e d  1 8 0 ±  13 /¿mol
P,- hr • mg protein Free  |Mg*~] was  5 m.vi. T i ldes  indicate  a 
P <  0.05; plus signs a P <  0.01.  and  a s t e r i sk s  a P <  0.001.  For  
fish intest inal  (Na~ + K * ) - A T P a s e  the I C S() w a s  2.6 ±  0.6 /l x m : 
for  the dog kidney p repara t ion  it was  6.3 ±  1.4 / x m  C d 2*.
trat ion of  2.6 ±  0.6 /x m  C d - '  (Fig. 3). In the dog 
kidney en zy m e  p repa ra t ion  the IC 5() for  c a d m iu m  
inhibition was 6.3 ±  1.4 /x m  (// = 5).
To  test w h e th e r  C d 2“ specifically in te rferes  with 
act ivat ion o f  the e n z y m e  by in tracel lu lar  su b s t r a te s ,  
we invest igated the effects  o f  a fixed c o n c e n t r a t io n  
of  C d 2 * on the ATP- and Mg2“ -d ep en d en t  act ivi t ies  
of  (Na* + K )-ATPase.  A T P  exe r t s  both a high- 
affinity phosphory la t ion  o f  the (N a  ‘ + K ' ) -ATPase  
and a low-affinity al losteric  s t imula t ion .  T he  A T P  
c o n cen t ra t io n s  used are a imed specifically at d is ­
cr iminat ing the low-affinity s t im ula to ry  ac t ion  o f  
A T P  on the E 2-form of  the ( N a + + K “ )-ATPase ,  
since this act ion is most  im por tan t  for overall  r e a c ­
tion velocity [321. At 2.5 / j l m  free C d 2“ the V max of  
(Na* + K ’ ) -ATPase  for ac t iva t ion  by A T P  d e ­
c reased  to 62 ±  10% of  the contro l  value ,  while the 
K m for A T P  had not changed  significantly ( P >  0.5; 
n = 3) f rom 0.85 ± 0 . 1 1  to 0.97 ±  0.16 mM (Fig. 4). 
A pparen t ly ,  C d 2 + ,s inhibit ion o f  the ( N a “ + K~)-  
A T P ase  does  not take place via the low-affinity site 
o f  ATP.
Figure 5 show s  the M g2“ d e p e n d e n c y  o f  the 
( N a '  + K ' ) -ATPase  and the effect  o f  the p re sen ce  
o f  2.5 fj-M C d 2". Contro l  kinet ics  w ere  c o m p lex ,  
apparen t ly  involving m ore  than one  ac t ion  o f  M g2 + . 
At low Mg2 * c o n c en t ra t io n s ,  the high affinity c o m ­
ponent  o f  the M g2“ d e p e n d e n c y  o f  (Na~ +  K + )- 
A T P ase  d isp layed  a half-maximal  ac t iva t ion  c o n ­
stant  o f  a round  4 /x m . With 2.5 /x m  free C d 2 * p re sen t ,
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Fig. 4. Double  reciprocal  plot o f  the kinet ics of  the low-affinity 
A T P  site o f  (Na*  + K * ) - A T P a s e  from fish intest ine,  i l lustrating 
the effect  o f  C d 2* on the Km;n for A T P  o f  the (Na~ + K*)- 
A T P ase .  T h e  da ta  are  mean  values  ( ± s e m )  for three exper imen ts .  
T he  react ion veloci ty  o f  the cont rol  exper iment  a t ta ined at the 
highest  subs t r a t e  conce n t r a t ion  used was  taken as 1009fr (i.e. ,  
137 ±  26 (imol P, - hr mg protein '). Mg2" was  kept cons tan t  
at 5 h i m .  Contro l  da ta  are  r ep re sen ted  by filled circles and solid 
lines, while expe r im en ta l  da ta  are  given by filled squares  and 
d a sh e d  lines. T he  p re sence  o f  2.5 /u.m C d 2* resul ted in a 389? 
d e c re a se  o f  the ca lcu la ted  \ m.iv, but no significant change  in the 
ca lcu la ted  K,n for ATP.
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Fig. 6 . T w o  e x p e r im en t s  showing  the effect  o f  c h a n g e s  in the 
outs ide  medium on int racel lular  C a 2* c o n c e n t r a t i o n  in single 
freshly isolated tilapia e n te ro c y te s .  T he  solid line is a r ecord  for 
a cell kept in an ex ternal  med ium con ta in ing  I mm o u a b a in .  The  
dashed  line is a record  o f  a n o t h e r  cell ,  w h e r e  the ex t race l lu l a r  
medium did not contain  calc ium dur ing  the ind ica ted  per iod .  The  
two acute  d rops  in int racel lular  | C a 2*] are  an ar t i fact  due  to the 
solut ion changes .  The  rise in in t racel lu lar  | C a 2*] was  d e p e n d e n t  
on the p re sence  o f  ex t race l lu la r  ca lc ium.  Simi lar  resul t s  were  
ob ta ined  in three o the r  e x p e r im en t s .
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Fig. 5. Double  reciprocal  plot o f  (Na*  + K * ) -A T P as e  act ivi ty 
o f  fish intest ine as a funct ion o f  Mg2*. Mean values  ( ±  s e m )  for 
five e x p e r im e n t s  are  given.  100% act ivi ty equals  177 ± 35 /¿mol
Pi
tested) .  Cont ro l  da ta  are indicated by filled circles and solid lines, 
while exper im en ta l  da ta  are given by filled squares  and dashed  
lines. T he  p resence  o f  2.5 /xm C d 2+ yielded a shift in Km for Mg2* 
to 243 ± 13 /xM. The  ca lcula ted  maximal  veloci ty had decreased  
by 31%.
the ac t iva t ion  o f  the ( N a + +  K + )-ATPase by Mg: + 
could be desc r ibed  by a single Michael is-Menten 
re la t ionship .  T he  K m o f  the ( N a + + K +)-ATPase for 
M g2" increased  to 243 ±  13 /xm, and the Vmax was 
red uced  to 69 ±  3% of  the control  value.
In isolated fish e n te ro cy te s  the res t ing in tracel lu lar  
C a 2 concen t ra t ion  was  85 ±  21 nM in =  25). W hen  
the outs ide  m edium  was supplied  with 1 m M  ouaba in  
(blocking the (Na ' + K + ) -A TPase  o f  the cells),  the 
intracellular  C a 2 * co n cen t ra t io n  rose.  Cells  e x p o se d  
to a ouaba in-conta in ing  solution wi thout  ca lc ium  did 
not exhibit  a rise in in tracel lu lar  C a 2+, indicat ing 
that the ex trace l lu la r  C a 2+ is n e c e s sa ry  for this re ­
sponse to be obse rved  (Fig. 6).
Figure 7 show s  the C d 2+ c o n c e n t r a t io n  d e p e n ­
dence  o f  the inhibition by C d 2+ o f  N a " / C a 2 + e x ­
change (n = 5) at a fixed free C a 2 + c o n c e n t r a t io n  of  
7 / x m . N on l inear  regress ion ana lys is  yields an IC 50 
of  73 ± 11 nM C d 2" . G iven  that  C d 2+ is a com pe t i t ive  
inhibitor of  the C a 2+ site o f  the a n t ip o r te r  (see be­
low'), we ca lcula ted  a AT, (AT, = IC 5() • K m • (Km +  S ) ~ ') 
o f  11 nM.
The C a 2" kinetics o f  the N a * / C a 2" e x c h a n g e r  
were de te rm ined  at 0, 5 and 65 nM C d 2+. S u b s t ra te  
d ep en den ce  o f  initial velocit ies  o b e y e d  a Michaelis-  
M enten  relat ionship.  In the a b se n c e  o f  C d 2+ a K m o f  
1.21 ±  0.06 /xm and a maximal  veloci ty  o f  18.1 ± 0 . 6  
nmol ■ m i n ~ 1 • mg 1 protein {n = 5) w ere  ca lcu la ted .  
C d 2" (5 and 65 nM) had a com pe t i t ive  inhibi tory  
effect on C a 2" kinetics (Fig. 8). T he  K m for  C a 2 + 
increased significantly to 8.1 ±  0.5 /lcm at 5 nM C d 2+, 
and to 16.6 ±  0.7 /xm at 65 nM C d 2+ (P  <  0.001). 
Maximal velocit ies had not changed  significantly 
(P >  0.1).
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Fig. 7. Inh ibition o f  initial veloci t ies  o f  N a * / C a 2* exchange  in 
t i lapia basola tera l  p la sm a  m e m b r a n e  vesicles  by C d 2*. Free  C a 2‘ 
c o n c e n t r a t i o n  was  kept  c o n s t a n t  at  5 (J.M.  An IC Sl) o f  73 ± I I n\ i  
C d 2* was  o b s e r v e d .  M ean  ± s e m  o f  six e x p e r im e n t s  are shown.  
As te r i sks  indicate  a significant d i f ference  f rom the cont rol  value 
(P  <  0 .0 1 ).
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Fig. 9. Dixon plot o f  C d 2* inhibi t ion o f  initial veloci t ies  o f  N a * /  
C a 2* exchange  and  the effect  o f  SO / xm bepridi l .  C a 2* c o n c e n t r a ­
tion was  kept  co n s t a n t  at 2.5 /x m . Filled c i rc les  indicate  da ta  of  
C d 2* inhibit ion and filled t r iangles s h o w  d a t a  o f  the inhibi t ion by 
C d 2* plus bepridi l .  M eans  ±  s e m  (n = 3) a re  s h o w n .  L ines  were  
ca lcu la ted  by weighted  nonl inear  regress ion  analys i s .  T h e  sha red  
absc is sa - in te rcep t  indicates  that  C d 2* and  bepridi l  do  not  c o m ­
pete for each o t h e r ’s inhibi tory site.
2 50
O  2 00
Ec
1 50
£
C
-  1 00 I—"c
0 00
0 3 10° 7 106
l / [ C a 2+] ( l . m o l ' 1)
Fig. 8. L i n e w e a v e r - B u r k  plot o f  the C a 2+ d e p e n d e n c e  o f  initial 
veloci t ies  o f  N a * / C a 2 + e x ch an g e .  T he  two fixed C d 2+ c o n c e n t r a ­
t ions (5 and  65 n M  C d 2* ) induce a compe t i t ive  inhibit ion for C a 2* , 
increas ing  C a 2+’s K m but  not significantly increas ing V'mux ( P >
0.1). T he  Km for  C a 2  ^ ac t iva t ion  o f  the N a * / C a :+ e x c h a n g e r  
chan g ed  f rom 1.21 ±  0.06 / xm to 8. 1 ± 0.5 (i\\ in the p resence  of  
5 n M  C d 2*, and to 16.6 ±  0.7 / x m when  65 n M  C d 2+ was  present .  
Con t ro l s  (/? =  5) are  sh o w n  as filled circles ,  5 n M C d 2+ values  
(// =  3) as filled sq u a re s  and  65 n M  C d 2+ values  (n =  3) as filled 
t r iangles.  M e a n s  ±  s e m  are show n .  E r r o r  bars  were  not d rawn  
when  smal le r  than  the symbols .
Bepridil (80 / x m ) ,  know n  to specifically interfere 
with the e x c h a n g e r ' s  ac t iva t ion  by N a + [16], in­
duced  an addit ional  inhibition o f  the N a  + / C a 2~ e x ­
ch an g e r  apar t  f rom that  cau sed  by C d 2+ (Fig. 9). 
F u r th e rm o re ,  the absc is sa  in te rcep t  o f  the regres ­
sion line in the Dixon plot (where  [C d 2"] = - K i + 
Kj x K m 1 - [ C a 2 + ]) rem ained  unchanged ,  indicating
Table 2. 4'C a  efflux f rom basola tera l  p la sma  m e m b r a n e  ves ic les
Fract ional  loss o f  4SC a  at / =  60 sec
Control 25 ±  15%
25 /xm ca lc ium 44 ±  I4%a
25 /x m  c a d m iu m 38 ±  I4% h
a P < 0 . 0 1, significantly different  f rom cont rol  v a l u e s ; h P < 0.05. 
Efflux o f  4SC a  is e x p r e s s e d  as the f ract ional  loss o f  45C a  a s soc ia t ed  
with the vesicles  b e tw e e n  / = 0 and / =  60 sec.  45Ca was  in t ro ­
duced  into the vesic les  by N a  + / C a 2* e x c h a n g e  act ivi ty  dur ing  3 
min o f  p re incuba t ion .  K * - lo a d ed  vesic les  se rved  as  b lanks ,  for 
which all figures a b o v e  were  c o r r ec t ed .  M e a n s  ±  s d  for  six 
e x p e r im e n t s  are given.
that the o f  the inhibition by C d 2+ rem a ined  u n ­
changed .  Thus ,  bepridil  does  not c o m p e te  for the 
site by which C d 2" inhibits N a  + / C a 2" ex ch an g e .
To  test w h e th e r  C d 2 ~ subs t i tu tes  for  C a 2+ in the 
ac t ivat ion  o f  the an t ipo r te r  we fo l lowed an a p p ro a c h  
originally suggested  by Phil ipson and  N ish im o to  
[28]. Using a differential  a ssay  to d e te rm in e  the s t im ­
ulation o f  efflux o f  4"Ca a c c u m u la te d  in t raves icu la r ly  
through the ac t ion  o f  the ex c h an g e r ,  it was  d e m o n ­
s tra ted  that  25 ¡xm e x t rav es icu la r  ca lc ium  induces  a 
significant efflux o f  4>C a  (stat ist ically te s ted  as the 
effect o f  the t r ea tm en t  on the frac t ional  loss that  had 
occu r red  af ter  1 min o f  efflux; P <  0.01). C d 2+ also 
induced  a significant ( P <  0.05) re lease  o f  45C a  from 
the vesic les ,  indicating a funct ional  C a 2 + / C d 2+ e x ­
change (Table 2). C d 2+ was  less readi ly  e x c h an g e d  
than C a 2" itself.
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Discussion
C a d m i u m  C o n i e n i  o i - I n t e s t i n a l  T i s s u e
T racc  a m o u n ts  o f  cad m iu m  in the fish food led to a 
total c a d m iu m  con ten t  of  the mucosal  scrapings of  
6.0 nmol -g 1 dry  weight.  We calculate  a total |Cd] 
of  1.4 ijlm if this am oun t  were  to he hom ogeneous ly  
d is tr ibuted  in the epithelial  water ,  i.e. 4.2 m l - g  1 
dry weight 14 4 1. H o w e v e r ,  seques t ra t ion  o f C d 2* by 
intracel lular  calc ium s tores  and binding to calcium 
binding prote ins  will minimize the am ount  of  avai l ­
able ionic C d 2 * . C a : * buffering m echan ism s  (s tores  
and binding proteins)  reduce  the total [Ca|  o f  2.9 him 
14 5 1 to a tree concen t ra t ion  o f  85 iim (this study).  
Assumiim that their  affinity for cadm ium  is (at least) 
100-fold higher than for calcium (.\xv e.g. this s tudy 
and 146. 47]), they will buffer free C d 2* levels to 0.4 
p.\i (or less). We therefore  conclude  that the trace 
a m o u n ts  o f  cadm ium  originating from the food do 
not interfere with the calc ium transport  m echan ism s  
in tilapia intestinal cells. M oreover ,  the assays  re­
ported  on here w ill not be per tu rbed  by any cadm ium  
possibly assoc ia ted  with the en te rocy te  plasma 
m em b ran e  vesicles  af ter  their  isolation, since the use 
of  millimolar a m o u n ts  o f  metal chelat ing subs tances  
w arran ts  stable free metal ion concen tra t ions .
C a : * -A T P a s i
The half-maximal ac t ivat ion  concen tra t ion  of  the 
pum p for C a 2“ (88 ± 17 nM) appears  to be at variance 
with the value previously  publ ished,  i.e. 27 ± 4 nM 
1131. H o w ev e r ,  the ca lcu la ted  free calcium c o n c e n ­
trat ions o f  the lat ter exper im en t  were  not correc ted  
for effects  of  exper im en ta l  condi t ions  on the stability 
co n s tan ts  of  che la tor-ca t ion  com plexes ,  as d e ­
scr ibed above .  Recalculat ion of  the previous  data  
yielded a similar Km value (65 ±  8 i im C a 2 *).
The  K m found is near  the m easured  [Ca2*], of 
a round  85 nM,  and is com parab le  to those previously 
published for A T P -d epen den l  4>Ca uptake  in plasma 
m e m b ra n e  vesicles from rat d u o d e n u m  |49| .  trout 
gill 1461. rat kidney co r tex  [21], and rat en te rocy te  
endop lasm ic  re t iculum [5|.
The  obse rved  sensitivity to inhibition by C d 2 + 
is unlikely to be caused  by a competi t ion  for the 
Mg2* site, but ra ther  for the C a 2 * site o f  the enzym e,  
since A T P -d epen d en t  up take  of  4"Ca into inside-out 
m e m b ra n e  vesicles  typically requires  millimolar 
a m o u n ts  o f  Mg2" for ac t ivat ion ,  but subm ic rom olar  
a m o u n ts  o f  C a 2* [4). M oreover ,  it is well known that 
C d 2* in teracts  with the C a 2" site of  the enzym eJ
in t rout  gills [46], rat en te rocy te s  149] and human 
e ry th ro c y te s  [47].
Although the C a 2 affinity o f  the p u m p  is c o m p a ­
rable in the p repa ra t ions  m en t ioned  ab o v e ,  its affin­
ity for C d 2+ is rem arkab ly  different:  the C a 2 ‘ pum p 
in trout gill basola tera l  p lasm a m e m b ra n e s  was  half­
maxi mally inhibited at 3 nM C d 2 ’ ( [Ca2 * ] = 250 nM) 
and the rat duodena l  C a 2 * pum p  d isp layed  an IC S() 
of  1.6 nM C d 2* at I \xm C a 2". Fish intestinal C a 2" 
pump,  how ever ,  show ed  an IC S() o f  8.2 ± 3.0 pM at 
200 i i m  C a 2“ . These  d if ferences  can n o t  be exp la ined  
by the different C a 2* c o n c e n t r a t io n s  used.  We sug- 
gest species  d ifferences  or  m e m b ra n e  e n v i ro n m e n t  
o f  the pum p as possible causes .  W h a te v e r  the cause  
of  these d if ferences ,  the very low IC S() value indi­
ca tes  an ex t rem e  sensi t ivi ty  to C d 2" for the C a 2 ‘ 
pump of  tilapia e n te ro cy te s .  In vivo, this p u m p  wi 
becom e  impaired once  free C d 2" ions are  p resen t  in 
intestinal mucosal  cells.
( Na" + K * )-A T P a se
A purified p repara t ion  o f  (N a*  + K * ) -A T P a s e  from 
dog kidney d isp layed a so m ew h a t  lower  affinity for 
cadm ium ,  i.e. 6.3 ± 1.4 \±m, than ( N a “ + K ' )- 
A TPase  in fish intestinal basola tera l  p la sm a  m e m ­
brane vesicles (2.6 ¡±m C d 2 ). O th e r  p rep a ra t io n s  
have displayed similar IC S() values  for  C d 2 ' inhibi­
tion o f  (N a"  + K * ) -A T P a sc  act ivi ty:  in rat brain 
sy n ap to so m cs  half-maximal inhibition o c c u r re d  at
5.4 fi\\ [25], in d is rup ted  vascu la r  sm o o th  muscle  
cells at 10 /xm [40], and in m ic ro so m es  o b ta in ed  from 
frog skin at 30 /xm 137].
The  5 o rders  of  m agni tude  d i f fe rence  in IC 5() 
values obse rved  for C d 2* inhibition o f  the (N a*  + 
K )-ATPase and the C a 2 ' -A T P ase  leads us to c o n ­
clude that the affinity for C d 2" is not d ic ta ted  bvJ *
the hom ologous  regions o f  these  E, -  E : c lass  ion 
pumps.  The  reduct ion  in Vmax and  the u n ch an g ed  
apparen t  A'„, for A T P  caused  by 2.5 ¡jlm C d 2 ' also 
shows that C d 2 does  not exer t  its inhibi tory  ac t ion  
on the ( N a '  + K )-ATPase th rough  o c c u p a t io n  o f  
the low-affinity ATP site.
(Na* + K )-AT Pase d isp layed  non-M ichae l is -  
Menten behav io r  with respec t  to M g2*. Rossi  and 
G arrahan  [33] have taken  this to be an indicat ion  for 
the p resence  o f  a co n tam in an t  a m o u n t  o f  M g2 ' in 
the assay  media.  Analyz ing  ou r  da ta  a long these  
lines, we calculate  a co n tam in an t  M g2 ' c o n c e n t r a ­
tion ol 1.2 ± 0.4 /xm . The  half-maximal  ac t iva t ion  
cons tan t  found in this way,  i.e. 12.2 ±  1.7 /xm , equa ls  
that previously  published by Rossi and G a r ra h a n  
133]. i.e. 11.8 ±  1.7 /xm. H o w e v e r ,  o u r  use o f  c h e la t ­
ing c o m p o u n d s  will p reven t  e r ro rs  cau sed  by small 
con tam ina t ions .  There fo re ,  we tend to favor  an al­
ternat ive explanat ion  a d v a n c e d  by C o v a r ru b ia s  and 
de W eer  [6]: the non-M ichae l i s -M en ten  b eh av io r  o b ­
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served  is the direct  c o n s e q u e n c e  o f  a dual act ion of  
Mg2 ' on a single site o f  the (Na* + K ' ) -ATPase.  
The  p re sen ce  o f  C d 2 ' changed  this behav io r  d ras t i ­
cally: the Km for M g2 f increased  from a round  4 /am 
to 243 ±  13 jtxM and the kinetics  could he adequa te ly  
desc r ibed  by a normal  M ichae l is -M enten  function.  
C d 2 " ap p a ren t ly  c o m p e te s  for the Mg2 ' site on the 
( N a + + K + )-ATPase.
Na + /Ca2+ E x c h a n g e
The  m ean  in tracel lu lar  C a 2 ' concen t ra t io n  o f  a round  
85 iim in isolated tilapia e n te ro c y te s  is in good 
ag reem en t  with l i terature  values  o f  o th e r  types  of  
epithelial cells [38). We used two t rea tm en ts  that 
great ly  d e c re a se d  net intestinal  ca lc ium up take  [13] 
to test w h e th e r  the N a ~ / C a 2 ' e x c h a n g e r  is also in­
volved in in tracel lu lar  C a 2'  hom eos tas i s .  Changing 
the ex t race l lu la r  m ed ium  to a m edium  conta in ing  
N -methy l-D-g lucamine  ins tead o f  sodium yielded 
similar resul ts  as seen in Fig. 6: the intracellular  
C a 2‘ co n c en t ra t io n  rose rapidly to values  slightly 
above  100 n\ i  [dcitu not shown). This  is most  p ro b a ­
bly cau sed  by Na *'7 C a 2 ' exchange  working  in a " r e ­
v e r s e "  m ode  as a result o f  the change  in e lec t ro ­
chemical  g rad ien t  for N a 4-. The  relat ively rapid 
onse t  o f  the re sp o n se  implies that the exchanger  
o p e ra ted  near  its zero-flux equi l ibr ium, so that a 
small change  in N a  * driving force  resul ted in a r ev e r ­
sal o f  net flux. Indeed ,  the m easu red  resting free 
C a 2 * c o n c e n t r a t io n  is close to the es t im ated  equi l ib­
rium value o f  67 nM for the N a * / C a 2'  ex ch an g e r  
(with [C a2 ']„ =  1.25 mM [19], [ N a ' ] „  =  125 him 
[ 14], [Na ' I, = 9 mM [38], a m e m b ra n e  potential  o f  
- 5 0  mV [2], a s to ich iom etry  o f  3 N a '  to 1 C a 2*. 
and [Ca2-],- =  [Ca2 + ],, x  [Na + ];- x  [Na + ] " 3 x 
exp  (V,nF -(R T )-')) .
A potential  pitfall in the fura-2 ex p e r im en ts  is 
that in tracel lu lar  Ca-che la t ing  su b s tan ces  inhibit 
“ r e v e r s e - m o d e "  N a  + / C a 2 ' exchange  in certain cell 
types  [I ,  8, 34]. T he  inhibitory act ion  is not caused  
by the chela t ion  o f  in tracel lu lar  C a 2 ' ions, since 
even  an e x c e s s  a m o u n t  o f  in tracel lu lar  C a 2* canno t  
reverse  the inhibition o f  C a 2 * influx [34]. The “ re­
v e r s e - m o d e "  N a  + / C a 2~ exchange  activity that we 
a t t e m p te d  to use in these  ex p e r im en ts  might be 
severe ly  inhibited by the p re sen ce  o f  intracellular  
fura-2 [38]. In fact ,  the m odes t  re sponse  o f  in tracel­
lular [Ca2 * ] o b se rv e d  (when v iewed against  the d r a s ­
tic effects  o f  the sam e t r e a tm e n ts  on t ranscel lu lar  
C a 2 ' t r an spo r t  113]) suggests  that such an inhibition 
did indeed occur :  in ex p e r im e n ts  using fura-2, the 
role o f  N a + / C a 2 * ex ch an g e  in in tracel lular  C a 2 * ho­
m eos tas is  may well be unde res t im a ted .
C d 2 * was prev ious ly  show n to inhibit the Na /
C a 2* exchange  in m am m al ian  sa rco lem m al  ves ic les  
with an IC50 o f  a p p ro x im a te ly  3 0 /am in the p re s e n c e  
o f  20 fji\\ ca lc ium (Fig. 2 in ref. 41). In cu l tu red  
arterial sm oo th  m uscle  cells the N a V C a 2 * e x ­
changer  appa ren t ly  was  m ore  sensi t ive  to C d 2 * inhi­
bition, since an ICs0 o f  2.4 /am was o b se rv e d  at a 
calcium co n cen t ra t io n  o f  10 0 /am (with a K ni for  C a 2 * 
o f  100 /am) [36]. N o  metal  che la t ing  su b s ta n c e s  were  
used in these  s tudies .  P roceed ing  from these  pub- 
ished da ta  and the p resen t  s tudy  we ca lcu la te  a p p a r ­
ent K ,'s o f  II nM C d 2'  for the tilapia Na  / C a 2 ' 
exchanger ,  1.2 /am for the arterial  sm o o th  muscle  
ex ch an g e r  and 15 /am for the a n t ip o r te r  in m a m m a ­
lian sa rco lem m a.  The  tilapia N a * / C a 2 * e x c h a n g e r  
is by far the most  sensi t ive  o f  the an t ipo r t  sy s tem s  
s tudied ,  with respect  to both C a 2 ' and C d 2 ’ . The  
C d 2 sensit ivity o f  the e x c h a n g e r  falls m idw ay  b e ­
tween the C d 2 * sensit ivi t ies  o f  the A T P -d e p e n d e n t  
calcium pum p and the ( N a '  + K ’ ) -ATPase  in these  
m em b ranes .  The  o rde r  o f  sensi t iv i ty  sugges ts  a c o r ­
relation be tw een  the IC S() for inhibition by C d 2 * and 
the affinity o f  the divalent  metal ion site for  which 
C d 2 * co m p e te s .
The  C a 2 ' d e p e n d e n c e  o f  the N a  / C a 2 * e x ­
changer  ob ey ed  single M ichae l is -M enten  kinet ics  
( im p ro v em en ts  in the p ro ced u re  to ca lcu la te  free 
C a 2 ’ , Mg2 ' and C d 2* c o n c e n t r a t io n s  a l lowed  us 
to reject the p rev ious ly  repor ted  double  Michaelis-  
Menten  re la t ionship  113]). The  K m for C a 2 * o f  
1.21 ±  0.06 /am is low c o m p a re d  to values  publ ished 
for N a  * / C a 2 * exchange  in m am m alian  sa rco lem m al  
vesicles (a round  27 /am) o r  in sy n ap to so m a l  m e m ­
branes  (around  34 /am) [31]. The higher  C a 2 * affinity 
may reflect a species-specif ic  d if ference .  A l te rn a ­
tively, it may arise from the use o f  ca lc ium  chela t ing  
subs tances :  T r o s p e r  and Phil ipson 142] s ta te  that  the 
appa ren t  K m o f  the sa rco lem m al  N a ‘ / C a 2 * e x ­
ch ang er  for C a 2 ' was lowered  from 21.5 /am to as 
low as I /am by the use o f  22 /am E G T A .  M o re o v e r ,  
the use o f  E G T A  changed  the kinetic b e h a v io r  such 
that the da ta  yielded a c u rv e d  E ad ie -H ofs tee  
plot c o m p a ra b le  to the one  we repo r ted  p rev ious ly  
[13]. H o w e v e r ,  ou r  p resen t  results  sh o w  a s imple 
M ichae l is -M enten  b eh av io r  for the C a 2 * d e p e n ­
dence  o f  tilapia e n te ro c y te  N a  / C a 2 ' exch ang e .  
Calc ium che la to rs  may reduce  the N a  / C a 2 * ex- 
c h a n g e r ’s Km for C a 2 * , but if ca lc ium  binding p ro ­
teins act in a similar way,  this m ay  be im por tan t  in 
vivo: in these epithelial  cells,  w here  rest ing C a 2 ’ 
levels are a round  85 nM ,  a C a 2 * ex t ru s io n  m e c h a ­
nism should respond  to ch ang es  in s u b m ic ro m o la r  
C a 2_f con cen t ra t io n s .  The  use o f  ca lc ium  ch e la to r s  
is not a p rerequis i te  for the d e te rm in a t io n  o f  the 
C a 2 ' d e p e n d e n c e  o f  the N a  * / C a 2 * e x c h an g e  per sc\ 
but it is ind ispensable  to accu ra te ly  es tab l ish  free 
C a 2' ,  Mg2 ’ and C d 2 ’ c o n c e n t r a t io n s  in the kinetic
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a s se s sm e n t  o f  C d 2 ' inhibition of  N a '  C a 2 ' e x ­
change .  If no metal ion buffering is used ,  C d : ions 
b e c o m e  bound  to m em b ran e  s t ruc tu res  and react ion 
vessel walls to a very  significant degree .  This  leads to 
an ove res t im a t ion  o f  the IC S0o f  C d 2 . We therefore  
used calc ium che la to rs  in ou r  sys tem to c i rcum vent
*
prob lem s  related to this topic.
The  kinetic s tudy  thus  perfo rm ed  showed an 
exclus ive  effect o f  C d 2 on C a 2 ‘ affinity, which indi- 
ca tes  that C d 2 * exer ts  an inhibition via a compet i t ion  
for the C a 2~ site o f  the exchanger .  Pharmacological  
s tudies  using bcpridil  suppor ted  this hypothesis :  a 
change  in the k, for inhibition by C d 2 was not 
o b se rv e d .  We conc lude  that C d 2 inhibits the Na 
C a 2 ‘ e x c h a n g e r  solely via a compet i t ion  for the C a 2 
site on the molecule .
It is well know n  that intracellular  C a 2 ions act i ­
vate Na  / C a 2 ' exchange  (usually m easured  in its 
“ r e v e r s e d - m o d c .” i.e. Na eff lux/Ca2 influx) in 
exci table  t issues [1, (S. 341. The  C a 2 ' affinity of  the 
regula tory  site can be much higher than that of  the 
C a 2 * t ranspor t  site, a l though exc ised-pa tch  c lamp 
studies  on guinea pig sa rco lem m a showed that b ind­
ing of  Na * to the e x c h a n g e r  molecule  induces a drop  
in C a 2“ affinity o f  the regula tory  site to a round  I /x.m 
122]. If such a regula tory  site exists  on the N a " /  
C a 2' e x c h a n g e r  found in fish intestinal epithel ium, 
binding o f  C d 2+ to it could e i ther  mimic C a 2 ' ‘s a c ­
tion and s t imulate  Na C a 2 * exchange ,  or  exchange  
could be inhibited by prohibit ing C a 2 * to bind to the 
ac t iva to ry  site. The  first possibili ty implies that the 
o b se rv ed  inhibition by C d 2 ' s tems only from its 
com pet i t ion  for the C a 2 ' t ranspor t  site. The  second 
would result in C d 2 ' act ing on two sites s im ul tane­
ously,  since both sites a p p e a r  to have similar affinit­
ies (for C a 2 ' , and thus  p robably  for C d 2 ' , too). The 
d o se -d ep en d en t  inhibition by C d 2 ' did not,  h o w ­
ever ,  show any signs o f  coopera t iv i ty ,  which argues 
against  the latter possibili ty.
The  com pet i t ion  o f  C d 2 ' for the C a 2 ' site o f  the 
Na  / C a 2* e x c h a n g e r  raises the quest ion w he ther  
C d 2* might also be t rans loca ted  across  the cell m em ­
brane .  We did not o bse rve  a N a ~ / C d 2 ' exchange
activity in this p lasma m em b ran e  prepara t ion .  H o w ­
ever ,  w hen  we tested for 4>C a 2 ' / C d 2 * exchange  a c ­
cording to the p rocedure  of  Philipson and N ish im oto  
128], we found that 25 ¡jlm cadm ium  elicited a signifi­
cant 4>Ca efflux. T ro s p e r  and Philipson 14 1 ] showed 
that ,  in can ine  cardiac  sarco lemmal  vesicles,  20 ¡j.m 
cad m iu m  was exchanged  against calcium even more 
effect ively than calcium itself. In our  exper im en ts  
ca lc ium was more  effect ive in inducing 4>Ca efflux 
than cadm ium .
Does C a 2 ' / C d 2“ exchange  o ccu r  in vivo? The 
high C d 2 ' affinity d isp layed by the exchanger  in 
vitro suggests  that intracel lular  C d 2 ' ions will c o m ­
pete successful ly  with C a 2 ' ions for the C a 2 site of  
the exchanger .  The  pu ta t ive  I : 1 s to ich io m e t ry  o f  an 
e lec t roneutra l  C a 2“/ C d 2 * e x c h an g e  would  d ic ta te  
that the equil ibrium ratio for C d 2 ([C d 2 ] , , / |Cd2 ' ],) 
equals  that for C a 2 ( |C a 2 ]„/[C a2 ' ],). H e n c e ,  an 
operat ional  C a 2~ / C d 2 * e x c h an g e  would  a t t em p t  to 
c rea te  a s teady-s ta te  [ C d 2 ' | in the ex t race l lu la r  s e r o ­
sal c o m p a r tm e n t  that e x c e e d s  the in tracel lu lar  
| C d 2 | more  than 10,000-fold. In t race l lu la r  C d 2 wi 
be exchanged  for ex t race l lu la r  C a 2 , leading to a 
C d 2* efflux through the basola tcra l  m e m b r a n e  o f  the 
epithelial  cell.
T aken  together ,  ou r  da ta  sh o w  that the inhibi­
tion by C d 2 ' o f  the three  m e m b ra n e  p ro te ins  s tudied  
occurs  p redom inan t ly  through an in te rac t ion  with 
divalent  metal ion sites. C a 2 ex t rus ion  via the ca l­
cium pump will b e c o m e  inhibited to a significant 
degree  when  intracel lular  C d 2 ' c o n c e n t r a t io n s  
reach the level o f  100 pM, w h e re a s  the ac t iv i ty  of  
the o th e r  F , - F : type ion pum p,  the (Na + K ' )- 
A TPase ,  will only be inhibited significantly by mi­
c rom ola r  a m o u n ts  o f  C d 2".  Na  ' / C a 2 e x c h a n g e  a c ­
tivity will dec rease  w hen  in tracel lu lar  C d 2 co n ccn -  
n a t io n s  are in the n a n o m o la r  range.  Since 
t ransccl lu lar  calcium up take  in the t ilapia in test ine 
mainly d ep en d s  on Na  / C a 2 ' e x c h a n g e  act ivi ty  
113], the inhibition o f  the A T P -d e p e n d e n t  C a 2 pum p  
will result in a minor  d e c re a se  o f  intest inal  C a 2
uptake.  T here fo re  we conc lude  that inhibit ion o f  the 
C a 2*- and ( N a 4 + K * ) -ATPase  is not the main 
m echanism by which C d 2 ' su p p re s se s  intestinal  ca l ­
cium uptake  and d is tu rbs  fish ca lc ium hom eos ta s i s .  
Rather ,  intestinal calcium up take  will b e c o m e  h a m ­
pered once  N a “ / C a 2 ' ex ch an g e  is inhibited by nano- 
molar  am oun ts  o f  C d 2“ ions. F u r th e rm o re ,  the abi l­
ity to exchange  C a 2 * for C d 2 * suggests  the 
exchanger  as the prime cand ida te  for a m ech an ism  
of  C d 2 ' ex trus ion  ac ross  the baso la tc ra l  p la sm a  
m em brane  o f  the en te ro c y te .  Die tary  c a d m iu m  will 
not only accum ula te  in the t issue,  but will be t rans-
*
ported into the blood.
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Note Added in Proof
A pape r  on the ca lcu la t ion  o f  free metal  ion concen t ra t ions  w ith 
our  c o m p u t e r  p rogram ( C H E L A T O R )  is cur ren t ly  in press in 
Biotei hnii/nes. This ar t icle and the c o m p u t e r  p rogram w ill b e ­
c o m e  avai lable  on Bioteclinet.
